Abstract: Environmental efficiency evaluation is an effective way to assess the synergetic development degree between the economy and environment. In order to realize the mechanism of the effects of urban sprawl and industrial agglomeration on environmental efficiency by using the super efficiency Slacks-based Measure (SBM) model with undesirable outputs, this paper firstly calculates the environmental efficiency of the 13 cities in the Beijing-Tianjin-Hebei urban agglomeration from 2006 to 2017. Then, based on the panel data of the 13 cities, we empirically examine the influence of urban sprawl and industrial agglomeration on environmental efficiency by adopting the panel Tobit regression model. The results show that large gaps exist in the degree of the cities' environmental efficiency in the research period, and only Beijing's environmental efficiency exhibits full efficiency in the 13 cities, with the overall environmental efficiency of the Beijing-Tianjin-Hebei urban agglomeration presenting a decreasing trend. Additionally, the Tobit regression results indicate that urban sprawl has a significantly negative impact on environmental efficiency, but with the continual improvement of industrial agglomeration, the negative effects of urban sprawl will be partially offset. From the regression results of control variables, economic growth and urbanization developments have an inhibiting effect on the promotion of environmental efficiency. Furthermore, industrial structure optimization and technological innovation are helpful to improve environmental efficiency. The opening-up policy has had a significantly positive impact on environmental efficiency, and the "pollution paradise" hypothesis was untenable in the Beijing-Tianjin-Hebei urban agglomeration.
Introduction
In the past 40 years of reform and opening up to the outside world, the miracle of China's economic growth has been the reciprocal development of industrialization and urbanization. Like many countries, the urbanization process has strengthened the dilemma between environmental protection and economic growth. This predicament is mainly caused by industrial development because of its important role in energy consumption [1] . The rapid development of industrialization and urbanization has brought about a series of problems, such as urban sprawl, environmental deterioration, and tight resource constraints, while promoting China's economic transformation and industrial agglomeration. At present, China is in a crucial developmental stage, where industrialization
Literature Review
With the rapid development of industrialization and urbanization in the world, studies on industrial agglomeration and urban sprawl have become a hot issue in academic circles. Industrial agglomeration is an important phenomenon in the regional economy, and its accumulative effect is beneficial to economic development, but its crowded effect could also cause excessive energy consumption and pollutant emissions to increase, thereby aggravating environmental pollution [7] . Some studies have shown that industrial agglomeration can significantly improve urban labor productivity and total factor productivity [8] [9] [10] and promote the sustainable development of urbanization through industrial support and factor agglomeration [11] [12] [13] . However, the acceleration of urbanization has led to the emergence of urban sprawl. Urban sprawl refers to the phenomenon of the disordered expansion of urban space in the process of urbanization, which makes the economic activities originally concentrated in the urban core area spread to the peripheral areas, and the urban form is characterized by decentralization, a low density, a multicenter, and more reliance on vehicle commuting [14] , which also has a significant impact on economic development, energy consumption, and environmental pollution [15] [16] [17] . After Grossman and Krueger proposed the hypothesis of the "environmental Kuznets curve (EKC)" [18] , the relationship between industrial agglomeration and urban sprawl on environmental pollution began to receive extensive attention from scholars, and fruitful research results have been achieved. Lin Boqiang and Liu Xiying pointed out that China's current stage characteristics of urbanization and industrialization would have an important impact on its energy consumption and the resulting greenhouse gas emissions [19] . Through data analysis of 200 cities in the EU, Frank et al. found that the expansion of industrial agglomeration aggravated environmental degradation [20] . Ottaviano et al. also pointed out that excessive industrial agglomeration would worsen environmental quality and increase the cost of environmental governance [21] . Zeng and Zhao's study showed that manufacturing agglomeration could alleviate the "pollution paradise" effect [22] . Liu et al. used statistical data from  285 cities, from 2004 to 2013, to analyze the effect of industrial agglomeration on energy efficiency. The spatial autocorrelation tests showed that there is significant spatial autocorrelation and spatial heterogeneity in urban energy efficiency [23] . However, some scholars have shown that the impact of industrial agglomeration on environmental pollution is not a simple linear relationship [24, 25] . At the same time, environmental economists have also studied the relationship between urban spatial structures and environmental pollution. Glaeser and Khan found that per capita car use in high-density urban areas was lower, so the emissions of pollutants and carbon oxides were also lower [26] . Clark et al. argued that a centralized, single-center urban space structure could reduce the dependence on cars and energy consumption, thus curbing air pollution [27] . Rodríguez et al. investigated the relationship between local air pollution and urban structure with an emphasis on urban fragmentation, and the results of the econometric analysis support the hypothesis that urban structure has significant effects on pollution concentration [28] . Burgalassi and Luzzati summarized the possible links between spatial structure and emissions, and their results suggest that spatial structure affects CO 2 emissions from private transport and particulate matters from housing emissions. There is no evidence for polycentricism to reduce emissions. [29] . In the study of Wang et al., CO 2 emission efficiency is presented in terms of CO 2 economic efficiency (CEE) and CO 2 social efficiency (CSE). They calculated the CEE and CSE of nine cities in the Pearl River Delta and used panel data models to estimate the associations between urban form and CO 2 emission efficiency, identifying a negative correlation between urban sprawl and CEE as well as CSE. [30] .
To sum up, previous studies have analyzed the relationship between industrial agglomeration, urban sprawl, economic development, and environmental pollution in detail. On this basis, scholars at home and abroad have made great research achievements. However, the research dimension of the existing research is only to maintain the pairwise relationship analysis, and few studies have incorporated industrial agglomeration and urban sprawl into the same analytical framework. Meanwhile, most of the existing studies focus on the economic effect or environmental effect of industrial agglomeration and urban sprawl unilaterally, severing the connection between economic development and environmental protection. On the other hand, although some literature has discussed the environmental efficiency of the Beijing-Tianjin-Hebei urban agglomeration and its influencing factors [31] [32] [33] , it has ignored the impact of industrial agglomeration and urban sprawl on the environmental efficiency. At present, China's development stage and implementation of development strategy mean that industrial agglomeration and urban sprawl are bound to have synergetic effects on urban environmental efficiency. In view of this fact, and based on the existing research, the Chinese national strategy of synergetic development of Beijing, Tianjin, and Hebei, and the panel data of 13 cities in the Beijing-Tianjin-Hebei urban agglomeration from 2006 to 2017, this paper empirically analyzes the internal relationship between urban sprawl, industrial agglomeration, and environmental efficiency, and puts forward feasible countermeasures and suggestions.
Research Methods and Variables Description

Super Efficiency SBM Model with Undesirable Outputs
Since the data envelopment analysis (DEA) method has the advantage of non-subjective empowerment, no effect of the input-output dimension, and can be used for the analysis of multi-input and multi-output efficiency, it is widely used in efficiency evaluation research [34] . However, the traditional DEA model is based on angles and orientations for efficiency measurement, and it is impossible to measure the efficiency problem when there are any undesirable outputs. Therefore, Tone [35] proposed a non-angle, non-oriented Slacks-based Measure (SBM) and constructed an SBM model that takes undesirable outputs into account.
Suppose there is a decision-making unit (DMU) in the production system, and each DMU has three input-output vectors, namely the input, expected output, and undesirable output. The elements can be expressed as x ∈ R m , y g ∈ R s 1 , and y b ∈ R s 2 , respectively. The matrixes are defined as follows:
Then, the production possibility set can be defined as
In Formula (1), λ is a weight vector. It should be pointed out that if the production technique is a variable return to scale, the constraint of λl = 1 is required, along with the vector l, whose elements are all 1, otherwise the production technique will be a constant return to scale.
Based on the definition of the production possibility set, the SBM model with undesirable outputs is as follows:
where s indicates the amount of slack in the input and output; λ represents the weight vector; and ρ * is the objective function, which is strictly decreasing about s − , s g and s b , accompanied by 0 ≤ ρ * ≤ 1. For a particular decision-making unit, if and only if ρ * = 1 (that is, s − = 0, s g = 0 and s b = 0), then it is efficient. If ρ * < 1, then the decision-making unit is inefficient and there is a need for improvement in input-output.
When the SBM model with undesirable outputs is evaluated for efficiency, there are often many efficient DMUs, which cannot be discriminated further as the efficiency scores of efficient DMUs are all 1. The super efficiency DEA model, which relaxes the restriction on the efficiency score to less than 1, provides an efficiency rating of efficient units similar to the rating of inefficient units. Therefore, the super efficiency DEA theory [36] is introduced into model 2 to obtain a super efficiency SBM model with undesirable outputs:
The meaning of each variable in Formula (3) is consistent with Formula (2). To prevent the occurrence of the feasible solution in Formula (3), the equal sign in the constraint is replaced with the unequal sign.
Specification of the Tobit Regression Model
According to the literature review, the economic and environment changes are closely related to the urban sprawl and industrial agglomeration, and China's current process of industrialization and urbanization promoting each other also determines that the interaction between urban sprawl and industrial agglomeration will have a synergetic effect on environmental efficiency. Therefore, based on the calculation of the environmental efficiency of 13 cities in the Beijing-Tianjin-Hebei urban agglomeration using the super-efficiency SBM model with undesirable outputs, and because the efficiency value is a censored dependent variable, this paper constructs the following panel Tobit regression model to further investigate the influence of urban sprawl and industrial agglomeration on environmental efficiency. The Tobit regression model was proposed by the Nobel laureate Tobin in 1958 [37] . When the dependent variables are partially continuous or partially discrete, the common method, ordinary least square (OLS), is no longer applicable to the regression analysis, and it may lead to deviation and inconsistency of the parameter estimators [38, 39] , so the Tobit model, which follows the maximum likelihood estimation method, becomes a better method to estimate the regression coefficient [40, 41] :
where i represents the city; t represents the year; the explained variable is the environmental efficiency ρ; the explanatory variables are the urban sprawl index sprl, the industrial agglomeration index aggl, and their cross terms sprl · aggl; X k represents the other control variables; and α 0 , ε are the intercept and random disturbance terms, respectively. Referring to these studies [42] [43] [44] , the urban sprawl index is characterized by the ratio of the built-up area of municipal districts to the total population of municipal districts. The larger the value is, the higher the degree of the urban sprawl will be. The industrial agglomeration index is measured by the location entropy index according to the studies [45] [46] [47] . The specific calculation method is aggl i = (e i,j /e i )/(E r,j /E r ). In this formula, i represents the city, j represents the industry, e i,j is the gross product of industry j in i city, e i is the gross domestic product of i city, E r,j is the gross product of industry j in the Beijing-Tianjin-Hebei urban agglomeration, and E r is the gross domestic product of the Beijing-Tianjin-Hebei urban agglomeration. In this paper, the total industrial output value of each city in the Beijing-Tianjin-Hebei urban agglomeration is selected to calculate the location entropy to measure the degree of industrial agglomeration.
Variables Description and Data Sources
This paper takes 13 cities, including Beijing, Tianjin, Shijiazhuang, Chengde, Zhangjiakou, Qinhuangdao, Tangshan, Langfang, Baoding, Cangzhou, Hengshui, Xingtai, and Handan in the Beijing-Tianjin-Hebei urban agglomeration as the research objects. The research time ranges from 2006 to 2017-12 years in total. According to the above research methods, when calculating the environmental efficiency, we selected the fixed asset investment, labor, and energy consumption as inputs, and then we chose each city's GDP as the expected output indicators and the industrial wastewater, industrial SO 2 emissions, and industrial smoke dust emissions as the undesirable output indicators. In the regression analysis of the econometric model, we selected each city's environmental efficiency as the explained variable, and urban sprawl and industrial agglomeration as the core explanatory variables and added the indicators of economic development, opening up to the outside world, industrial structure, urbanization level, and technological innovation as the control variables. The data of the economy, population, energy consumption, and pollution emissions of each city come from the statistical annals of Chinese cities; the statistical annals of China's energy resources; the statistical annals of Beijing, Tianjin, and Hebei; and the statistical annals and bulletins of Hebei cities in each year; these data are properly referred to. The specific explanations of each variable are as follows:
(1) Explained variable. Taking the environmental efficiency of each city as the explained variable, which is calculated by the super-efficiency SBM model with undesirable outputs; (2) Explanatory variables. Taking the urban sprawl index and the industrial agglomeration index as the core explanatory variables, which are calculated according to the methods described in the above economic model; (3) Control variables. According to the environmental economics theory and the existing literature research, from the five aspects including economic development, opening up to the outside world, industrial structure, urbanization, and technological innovation, we respectively introduce the control variables. Economic development level (eco) is measured by the per capita GDP of each city; the opening up degree (fdi) is expressed as the proportion of the foreign direct investment in the GDP of each city, where the exchange rate of USD is calculated according to those years; industrial structure (ind) is represented by the proportion of tertiary industry's output value in GDP of each city; urbanization level (urb) is calculated by the proportion of urban population in the total population of each city; and technological innovation (tec) is measured by the proportion of R&D expenditure in GDP of each city.
The detailed description and descriptive statistics of the above variables are shown in Table 1 . 
Calculation Results and Analysis
Analysis of the Environmental Efficiency of the Beijing-Tianjin-Hebei Urban Agglomeration
According to the super efficiency SBM model with the undesirable outputs mentioned above, the environmental efficiency of the Beijing-Tianjin-Hebei urban agglomeration from 2006 to 2017 is calculated by using the MAXDEA Ultra 7.9 software. The specific results are shown in Table 2 . From the results of Table 2 , we can see that only Beijing's environmental efficiency mean is greater than 1 in the 13 cities of the Beijing-Tianjin-Hebei urban agglomeration and far higher than the other cities, which suggests that Beijing's environment is in the production frontier and can reasonably control the relationship between economic development and environmental protection, while the other cities' environmental efficiency has failed to achieve the production frontier. From the mean values of the other cities' environmental efficiency, Tianjin's and Tangshang's efficiency values are above 0.5, which means that their environmental efficiency level is relatively high, but there is still some room for improvement. The environmental efficiency level of Qinhuangdao, Cangzhou, and Hengshui is relatively general, with an average value of around 0.4. However, the efficiency values of Shijiazhuang, Chengde, Zhangjiakou, Langfang, Baoding, Xingtai, and Handan are relatively low, none of which exceed 0.3. It can be seen that the cities' environmental efficiency levels in the Beijing-Tianjin-Hebei urban agglomeration differ significantly, and the cities with a higher efficiency are those with a more developed regional economic development level, such as Beijing and Tianjin, whereas in the process of industrialization and urbanization, the cities with a lower efficiency have promoted economic development at the expense of environmental protection. In future development processes, how to effectively improve the environmental efficiency and give consideration to environmental protection and economic development will be important issues faced by these cities.
The change of the average environmental efficiency of the Beijing-Tianjin-Hebei urban agglomeration from 2006 to 2017 shows an obvious downward trend, and the mean value decreases from 0.565 in 2006 to 0.306 in 2017. This result is mainly due to the fact that the environmental efficiency of the cities in Hebei province has decreased, possibly because, compared with Beijing and Tianjin, the cities' economic development is relatively slow and their urbanization degree is relatively low in the process of new industrialization and urbanization, and these cities still rely on the economic development model of high inputs, high consumption, and high emissions, which have resulted in a decrease of the overall environmental efficiency of the Beijing-Tianjin-Hebei urban agglomeration during this period. The Environmental Kuznets Curve shows that in the process of economic development, environmental quality will decline with economic growth and will increase with economic growth when the economic level reaches a certain level. In the "eleventh five-year" and "twelfth five-year" period, China was in the process of vigorously promoting industrialization and urbanization, and the decline of environmental efficiency in the Beijing-Tianjin-Hebei urban agglomeration also confirms this conclusion. Although the current stage is inevitable, environmental problems cannot be ignored. Therefore, on the basis of clarifying the changes of environmental efficiency, it is of great significance to analyze the impact of urban sprawl, industrial agglomeration, and other factors on the environmental efficiency for working out how to effectively promote the improvement of environmental efficiency in the synergetic development of the Beijing-Tianjin-Hebei region.
Influential Factors Analysis of Environmental Efficiency
To explore the impact of urban sprawl and industrial agglomeration on the environmental efficiency, this paper takes the data of 13 cities in the Beijing-Tianjin-Hebei urban agglomeration from 2006 to 2017 as the study sample, according to the above formula (4), and we have introduced the core explanatory variables to construct the panel Tobit regression model. With the help of Eviews 10.0 software, the panel Tobit regression model is estimated by using the maximum likelihood estimation method. The specific results are shown in Table 3 . Note: *, **, and *** denote significance within the levels of 10%, 5%, and 1%, respectively.
From the results of Table 3 , it can be seen that the standard error of regression is 0.166 and the Log likelihood is 62.757, which indicates that the Tobit regression model can better explain the relationship between urban sprawl, industrial agglomeration, and environmental efficiency of the Beijing-Tianjin-Hebei urban agglomeration. By introducing the core explanatory variables and the control variables, the regression results show that except for the insignificance of the variable of urbanization, the other variables have a significant impact on environmental efficiency, at least at the level of 10% significance. From the regression results of the core explanatory variables, all the P values are less than 0.01, and the coefficient of the urban sprawl is −1.232, which indicates that there is a significantly negative correlation between urban sprawl and environmental efficiency, where every 1% increase in urban sprawl will lead to a 1.232% decrease in environmental efficiency. However, the industrial agglomeration has a significantly positive impact on environmental efficiency; if industrial agglomeration increases by 1%, environmental efficiency will increase by 1.726%. When introducing the cross term of urban sprawl and industrial agglomeration, the coefficient of the cross term is 1.437, which is significantly positive, indicating that the synergetic effect of them has a promoting effect on environmental efficiency, and with the continuous improvement of industrial agglomeration, the negative effect of urban sprawl will be partially offset. The reason for this may be that most cities in the Beijing-Tianjin-Hebei agglomeration are presently in the stage of rapid urbanization, and urban sprawl makes urban space expand rapidly but also leads to some problems, such as farmland embezzlement, greening encroachment, and more reliance on automobile traffic, which damage the ecological environment. Additionally, industrial agglomeration can effectively integrate the allocation of urban factor resources, attract more talents to the cities, give full play to its scale economy effect and technology spillover effect, accelerate technological innovation, and improve energy efficiency, thus promoting the improvement of environmental quality.
According to the results of each control variable, the influence of economic development on environmental efficiency is significantly negative, which indicates that the Beijing-Tianjin-Hebei agglomeration has not yet crossed the peak of the environmental Kuznets curve. Meanwhile, the influence of opening up on environmental efficiency is positive at the level of 10% significance, and this result means that the "pollution paradise" hypothesis in the Beijing-Tianjin-Hebei agglomeration is false. The influence coefficient of industrial structure is significantly positive, which shows that the increase of the proportion of tertiary industry is conducive to improving environmental efficiency, and upgrading industrial structure is an important way to optimize the ecological environment of the Beijing-Tianjin-Hebei urban agglomeration. Urbanization level has an insignificantly negative correlation with environment efficiency, and the reason for this is that, at present, most cities in the Beijing-Tianjin-Hebei urban agglomeration have an extensive urbanization development mode and only pursue the speed of development, while ignoring the problems brought by rapid urbanization development, such as the accumulation of human capital, the intensification of energy consumption, the increase of traffic demand, and serious industrial pollution. Technological innovation has a significant promoting effect on environmental efficiency, because not only can technological innovation improve the production efficiency [48] , but the progress of clean production technology can also effectively control the consumption of resources and energy, reduce pollution emissions [49, 50] , and improve environmental efficiency.
Conclusions and Policy Implications
Main Conclusions
Based on the data of 13 cities in the Beijing-Tianjin-Hebei urban agglomeration from 2006 to 2017, this paper measures and analyzes the environmental efficiency of the Beijing-Tianjin-Hebei urban agglomeration by using the super efficiency SBM model with undesirable outputs. On this basis, this paper empirically studies the internal relation between urban sprawl, industrial agglomeration, and environmental efficiency by using the panel data model. The main findings are as follows:
(1) During the study period, there existed distinct differences in the environmental efficiency levels of the Beijing-Tianjin-Hebei urban agglomeration. Except for Beijing's environmental efficiency exhibiting a full efficiency, the environmental efficiency of other cities needs to be improved. From the overall performance, the environmental efficiency of the Beijing-Tianjin-Hebei urban agglomeration showed an obvious downward trend. In the synergetic development of the Beijing-Tianjin-Hebei region, how to effectively improve the environmental efficiency and give consideration to both environmental protection and economic development is an important issue facing the Beijing-Tianjin-Hebei urban agglomeration; (2) The empirical analysis showed that urban sprawl had a significantly negative impact on the environmental efficiency of the Beijing-Tianjin-Hebei urban agglomeration. Industrial agglomeration had a significantly positive influence on environmental efficiency. The synergetic effect of the two could promote environmental efficiency. With the continuous improvement of industrial agglomeration, the negative effects of urban sprawl on environmental efficiency would be partially offset; (3) The other influencing factors of environmental efficiency showed that economic growth and urbanization hindered the promotion of the environmental efficiency of the Beijing-Tianjin-Hebei urban agglomeration, but the optimization of industrial structure and the increase of technological innovation level were conducive to the improvement of environmental efficiency. The positive impact of opening up to the outside world on the environmental efficiency was significant, and the "pollution paradise" hypothesis was untenable.
Policy Implications
Through the above conclusions, the policy implications are as follows. Firstly, in view of the large differences of environmental efficiency between the cities in the Beijing-Tianjin-Hebei urban agglomeration, differentiated industrial and environmental policies should be implemented in the process of promoting the Beijing-Tianjin-Hebei synergetic development strategy. The cities with a high environmental efficiency can be encouraged to vigorously develop clean production technologies and focus on developing emerging high-tech industries in the future. For the cities with a low environmental efficiency, we should continue to promote the optimization and upgrading of industrial structures and eliminate a backward production capacity. Secondly, in order to reduce the impact of urban sprawl, changes should be made to the urbanization development strategy to avoid over-emphasizing the speed of urbanization. Instead, while increasing the urbanization rate, we should pay more attention to the quality of the development of cities and towns, effectively controlling the disorderly sprawl of the urban scale so as to form a reasonable layout of urban space. Finally, taking the development of industrial agglomeration as the starting point, we will carry out macro-control over the industrial space of the Beijing-Tianjin-Hebei urban agglomeration, actively exert the effects of scale economies and technology spillover from industrial agglomeration, change the development mode of labor-intensive and low-end processing in small-and medium-sized cities, accelerate the promotion of high-end industrial agglomeration and the upgrading of the industrial chain, and break through the bottleneck of the ecological environment relying on technological progress.
